Lee EJ, Woodske ME, Zou B, O'Donnell CP. Dynamic arterial blood gas analysis in conscious, unrestrained C57BL/6J mice during exposure to intermittent hypoxia. J Appl Physiol 107: 290-294, 2009. First published December 4, 2008 doi:10.1152/japplphysiol.91255.2008.-Rodent models of chronic intermittent hypoxia (IH) are commonly used to investigate the pathophysiological sequelae that result from hypoxic exposure in patients experiencing obstructive sleep apnea (OSA). Despite the widespread use of IH models, little attention has been paid to carefully defining the degree of oxyhemoglobin desaturation that occurs during each hypoxic period. Therefore, we developed a rapid blood sampling technique to determine the arterial blood gas changes that occur in conscious unrestrained mice during a single IH event and hypothesized that the arterial PO 2 (PaO 2 ) at the nadir level of the inspired oxygen profile causes oxyhemoglobin saturation to fall to between 80% and 90%. Mice were exposed to 120 -180 cycles of IH at a rate of 60 cycles/h, and arterial blood samples were withdrawn (Ͻ3 s) at baseline and at 10-s time intervals over the course of a single IH cycle. The IH regimen caused a decline in the fraction of inspired oxygen from room air levels to a transient nadir of 6.0 Ϯ 0.2% over the 30-s hypoxic period. The PaO 2 and arterial oxyhemoglobin saturation reached a nadir of 47 Ϯ 2 mmHg and 85 Ϯ 2% at 30 s, respectively. Arterial PCO 2 decreased to a nadir of 26 Ϯ 2 mmHg at 30 s, associated with a rise in arterial pH to 7.46 Ϯ 0.2. We conclude that the magnitude of oxyhemoglobin desaturation that is induced in our murine model of IH is consistent with the degree of hypoxic stress that occurs in moderate to severe clinical OSA.
arterial oxyhemoglobin saturation; hypercapnia; obstructive sleep apnea; pH; inspired oxygen; mouse; oxyhemoglobin desaturation; arterial partial pressure of oxygen OBSTRUCTIVE SLEEP APNEA (OSA) is characterized by recurrent collapse of the upper airway during sleep, leading to repeated periods of intermittent hypoxia (IH). OSA and the resulting IH have been associated with an increased risk of hypertension (15, 18) , insulin resistance (22) , cardiovascular disease (7, 14) , and cerebrovascular disease (34) . Rodent models of IH have been commonly used to simulate the hypoxic stress in OSA and can produce cardiovascular (6) , metabolic (8, 13) , and neurocognitive (23) dysfunction. However, results have sometimes been equivocal, as in blood pressure studies in rats, where systemic hypertension may (6) or may not (11) occur in response to IH exposure. Disparities in outcomes in rodent models of IH have often been ascribed to differences in the severity of the hypoxic stress, which may vary considerably between studies.
Multiple factors determine the severity of hypoxic stress that occurs with IH exposure. For each single hypoxic exposure, these include the duration of the hypoxic event, the nadir of inspired oxygen reached, the rate of hypoxia development, the length of time the inspired oxygen is maintained at the nadir, and the subsequent rate of reoxygenation. For repeated episodes of IH, factors include the number of hypoxic events per hour, the number and timing of hypoxic episodes within each 24-h period, and the number of days or weeks of total exposure time. It is not surprising given these multiple parameters that almost every laboratory that models IH has their own distinct exposure paradigm. Indeed, the question can be asked as to how relevant are specific exposure paradigms of IH as a model of the hypoxic stress experience by OSA patients?
The fundamental component of any IH paradigm is the hypoxic profile that defines each single IH event. In most IH paradigms, an increasing hypoxic stimulus is used to model the decline in oxyhemoglobin desaturation that commonly occurs in OSA. The impact of the hypoxic profile on arterial blood gas status is an important factor in determining the hypoxic stress an animal experiences and the clinical relevance of the stimulus. Despite the very large number of studies that have used IH paradigms in rodents, no previous study has attempted to assess the changes in arterial blood gas status that accompany a single hypoxic profile in conscious freely behaving animals.
We (31) have previously measured arterial blood gas levels in conscious mice during steady-state hypoxic exposures of 1-4 min and observed severe hypoxemia (27.3 Ϯ 3.5 mmHg) when inspired oxygen was reduced to 5%. The purpose of the present study was to measure the arterial blood gas changes that occur in conscious mice during the course of a 30-s IH event in which the inspired oxygen is decreased from room air levels to a transient nadir of 5-6% before rapid reoxygenation. We hypothesized that during a single IH event, the arterial PO 2 (Pa O 2 ) at the nadir level of inspired oxygen is not as severe as occurs in steady-state exposure to 5% inspired oxygen in mice and simulates the hypoxic stress that occurs with moderate to severe OSA in patients.
MATERIALS AND METHODS
Animals and surgical preparation. Animal handling and experimentation were in accordance with approved Institutional Animal Care and Use Committee protocols at the University of Pittsburgh. Male C57BL/6J mice aged 10 -12 wk (n ϭ 9) were kept on a 12:12-h light-dark cycle beginning at 8 AM with free access to food and water. Femoral arterial catheters were chronically implanted as previously described (1) . In brief, for catheterization, mice were anesthetized with inhaled 2% isoflurane. Micro-renathane catheters (MRE-025, Braintree Scientific, Braintree, MA) were prepared by heating, pulling, cutting to the appropriate diameter, shaping into a J-form in hot oil, and sterilizing (ethylene oxide). Catheters were inserted in the left femoral artery, tied in place, stabilized with superglue (Henkel, Rocky Hill, CT), tunneled subcutaneously to the upper back by threading through a blunt needle, taped to a wire attached to posterior cervical muscles for stiffness (792500, A-M-Systems, Sequim, WA), and connected to a 360°swivel designed for mice (375/D/22QM, Instech, Plymouth Meeting, PA). In contrast to previous studies (1, 35) , we used a longer arterial catheter (38 in.) so that the deadspace outside the animal could contain ϳ80 l of blood (see below for details of blood sampling). Patency of the catheters was maintained by continuously flushing 7 l/h saline containing 20 U/ml heparin (Baxter, Deerfield, IL) using a syringe pump with a multisyringe adaptor (R99-EM, Razel Scientific Instruments, St. Albans, VT). Catheters were monitored for patency daily and kept unclogged by manual flushes using a 1-ml syringe with a 26-gauge needle when necessary. Animals were allowed 72 h to recover from surgery and were required to have a pH in room air of 7.38 or above to begin the protocol.
IH. A gas control delivery system was designed to regulate the flow of nitrogen and room air into a customized cage housing individual tethered mice during the experimental period, as previously described (21) . The cage was pyramidal in shape with a base and height of 7 in. The mouse was housed on grated metal flooring that was 1.5 in. above the bottom of the cage, allowing a mixing area for gases that entered the cage from all four sides below the mouse. The gas exhausted passively up past the mouse and through a 1-in. hole at the apex of the pyramid, which served as the outlet for the catheters to connect to the fluid swivel. The inspired gas was monitored from outlet ports from three sides of the cage positioned at the level of the nose of the mouse. A series of programmable solenoids and flow regulators altered the inspired oxygen over a defined and repeatable profile by switching between room air and nitrogen at flow rates of 5-7 l/min. During each period of IH, the inspired oxygen was reduced from 20.9% to ϳ5-6.0% over a 30-s period and rapidly reoxygenated (supplemented by 5 s of 100% oxygen at ϳ1 l/min) to room air levels in the succeeding 30-s period (i.e., 60 cycles/h). This profile matched that used in our previous study (20) , in which larger rectangular customized cages were used to expose up to four untethered mice at a time to IH.
On experimental days, mice were exposed to 2-3 h (i.e., 120 -180 cycles) of IH before arterial blood gases were withdrawn and the fraction of inspired oxygen (FI O 2 ) was detected at nose level using a Vacumed fast response oxygen analyzer (Vacumed, Ventura, CA).
Blood gas withdrawal and analysis. Arterial blood samples were drawn at baseline and at 10-s time points during a single IH cycle (Fig. 1) . The catheter was of sufficient length so that the 60-l sample volume could be pulled quickly into the catheter deadspace outside the animal in Ͻ3 s. The withdrawal syringe was disconnected, and the sample transferred to a capillary tube for immediate analysis with a Rapidlab 348 (Bayer) blood gas analyzer (an automated, compact analyzer used in clinical and laboratory settings that requires a minimum sample size of 60 l). The pH, PCO 2, and PO2 were directly measured, and the arterial oxyhemoglobin saturation (SaO 2 ) was calculated assuming a standard oxyhemoglobin dissociation curve. No more than two blood samples were taken from a mouse on a single day. In the total of nine mice studied, a minimum of two and maximum of seven arterial blood samples were taken per mouse depending on the duration of catheter patency.
RESULTS
All animals recovered from surgery and exhibited normal blood gas levels [Pa O 2 ϭ 88 Ϯ 3 mmHg, arterial pH ϭ 7.41 Ϯ 0.01, arterial PCO 2 (Pa CO 2 ) ϭ 39 Ϯ 3 mmHg, and Sa O 2 ϭ 96 Ϯ 1%] under baseline room air conditions (Fig. 1) . The IH regimen caused an essentially linear decline in FI O 2 from room air levels to 6.0 Ϯ 0.2% over the 30-s hypoxic period. The Pa O 2 and Sa O 2 mirrored the time-related profile of FI O 2 , reaching nadirs of 47 Ϯ 2 mmHg and 85 Ϯ 2% at 30 s, respectively. The Pa CO 2 also decreased over the course of the hypoxic event, consistent with a compensatory hyperventilation, and reached a nadir of 26 Ϯ 2 mmHg at 30 s. Concomitant with the fall in Pa CO 2 , there was a corresponding rise in arterial pH.
DISCUSSION
Despite the widespread use of rodent IH models to study the pathological sequelae of OSA, the profile of arterial blood gas disturbances that occur within a single IH episode has not been carefully characterized. The data for our specific regimen of IH show that in the C57BL/6J mouse, the Pa O 2 falls continuously over a 30-s period to a nadir slightly below 50 mmHg, which corresponds to an arterial oxyhemoglobin saturation of ϳ85%. The strength of our study was that the data were collected in a sequential, time-dependent manner in awake, chronically instrumented, and unhandled mice, and the data exhibited high reproducibility, as evidenced by the small SEs. The femoral artery was catheterized, in preference to the common carotid artery, to preserve the blood supply to both carotid chemoreceptors and allow development of the full ventilatory response to hypoxia. In the DISCUSSION below, we address the significance of these findings and relate them to the broader field of IH paradigms and the associated limitations and strengths of the model.
Severity of a single IH event.
The term "intermittent hypoxia" has been applied to many aspects of physiology, ische- mic preconditioning, exercise training, altitude acclimation, and medicine. The concept of IH applied to exercise training can involve nighttime periods of hypoxic exposure (e.g., sleeping in a hypoxic tent) that last for several hours. In contrast, the IH that is used to simulate the hypoxic stress that occurs in OSA is commonly in a range from 12 to 90 s/hypoxic event (6, 11) . The choice of the hypoxic exposure time, coupled with the time profile of oxygenation and reoxygenation, is the defining feature for any regimen of IH.
In our model, we chose a 30-s hypoxic exposure time for two reasons. First, a 30-s period of complete airway obstruction in an OSA patient represents a significant degree of hypoxic stress, with Sa O 2 likely to fall into the 80 -90% range or below (4). Second, we (31) have previously developed a murine model of sleep-induced hypoxia in which 100% nitrogen is infused into a customized chamber housing a mouse instrumented for polysomnography. In this model, the infusion of nitrogen during sleep causes a linear decline in the level of inspired oxygen experienced by the mouse until arousal occurs and the nitrogen infusion is instantly switched back to room air. We observed that infusion of nitrogen into the customized chambers during sleep resulted in spontaneous arousals occurring on average after 25-30 s of hypoxic exposure at a resulting nadir of inspired oxygen of ϳ10 -13%. However, we also observed that in Ͼ10% of the sleep-induced hypoxic events, the FI O 2 decreased to below 7% before spontaneous arousal occurred. Based on these observations, and the desire to develop a model of IH that resembled moderate to severe clinical OSA, we designed a protocol of nonsleep-induced hypoxia that incorporated 30-s periods of a ramp hypoxic exposure that reduced FI O 2 to ϳ5-6% (20) . We subsequently validated in a later study (21) that this specific IH stimulus causes a transient arousal (assuming the animal is asleep at stimulus onset; see further discussion below) that is precisely timed to the nadir of inspired oxygen at 5-6%. Thus, a physiological rationale exists for the 30-s IH profile that we developed in mice to produce a severe, but clinically relevant, model of OSA.
Despite a physiological basis for our profile of FI O 2 during IH exposure, we had no evidence that the degree of oxyhemoglobin desaturation that occurs in our mouse model is comparable with that experienced by a patient with moderate to severe OSA. Indeed, we (31) have shown previously that 60 -90 s of exposure to 5% oxygen reduced Pa O 2 from 87 Ϯ 5 to 27 Ϯ 3 mmHg in conscious spontaneously breathing C57BL/6J mice. If a comparable degree of arterial hypoxemia occurred in our IH profile when FI O 2 is reduced to 6% transiently, the model would represent a degree of OSA so severe that the clinical relevance would be questionable. However, we now show in the present study that the transient nadir of 6% reduced Pa O 2 from a room air value of 88 Ϯ 3 mmHg to only 47 Ϯ 2 mmHg. These data demonstrate that the resulting calculated nadir Sa O 2 of 85 Ϯ 2% is within a range representing moderate to severe clinical OSA.
Applying the hypoxic profile to the overall IH regimen. Once the specific FI O 2 profile for a single IH event is determined, it is necessary to define the remaining parameters for the overall IH regimen. For our protocol, we used an exposure rate of 60 events/h since this was equivalent to the rate of induced hypoxic episodes that occurred per hour of sleep in our murine model of sleep-induced hypoxia described above. In other IH studies, the rate of exposure has varied from a high of 120 events/h (6) to a low of 15 events/h (17) . The majority of these studies used a daily exposure period of 8 -12 h, coinciding with the light or sleeping cycle of rodents, with the shorter exposures sometimes the result of systems that are not fully automated and require the presence of personnel. The chronicity of the IH regimen is entirely dependent on the study goal, with some experiments being as short as 1 day (e.g., the development of insulin resistance) (8) or as long as 3 mo (e.g., the development of atherosclerosis) (26) . Consequently, the paradigm of IH can vary markedly between studies.
Technical considerations in IH rodent models. There are several technical considerations that could be standardized between studies to enable data derived from rodent models of IH to be compared. First, the cyclical FI O 2 profile that the animal experiences is most accurately determined by placing a sensor at the level of the nose. If regular animal cages are placed inside a larger chamber from which the FI O 2 is either monitored or controlled, then the change in FI O 2 that the individual animals experience within their chamber during each hypoxic cycle may be overestimated. Second, animals that are transferred between a home cage and a stimulus cage each day may experience psychological stress in addition to the hypoxic stress. Animals exposed to hypoxia could potentially develop a preconditioning or fear response to placement in the stimulus chambers, producing a physiological response that may be independent of the effects of IH. Ideally, animals should be continually housed in their home cages throughout the entire IH protocol with a second group of animals exposed to a control stimulus of intermittent air that produces the same rate of gas flows through the cage but without the presence of nitrogen. Finally, when animals are first exposed to IH, the nadir of hypoxia should be ramped down slowly over ϳ1-2 h to allow them to adapt to the hypoxic stress, particularly if the nadir FI O 2 is in the 5% range; immediate exposure to a 5% nadir FI O 2 can sometimes induce panic, seizures, and very occasionally death. If a consensus could be reached on the standardization of these technical considerations, as well as the IH regimen itself (see below), outcome responses could be more easily compared between studies.
Limitations of IH models. There are several limitations and strengths of rodent IH models that are worthy of discussion. The major limitation of the IH model is that it does not produce airway obstruction in a manner developed in larger animals, such as dogs (10, 16) . Consequently, the IH stimulus does not produce the intrathoracic pressure swings or hypercapnia that occurs with airway obstruction, both of which can have important cardiovascular effects (28, 29) . However, there is evidence that the addition of an intermittent hypercapnic component to the IH stimulus does not exacerbate the hypertension that occurs in a rat model of IH (12) . It is possible, as demonstrated for sympathetic nerve activity, that any interactive effects of intermittent hypercapnia and IH are most apparent in the presence of large intrathoracic pressure changes during obstructed inspiratory efforts (30) . Also, the arousals and sleep fragmentation that characterize OSA are often not present in rodent IH models, as occurs when the hypoxic stimulus is delivered while the animal is awake. However, we have demonstrated for our specific IH regimen in mice that if the animal is asleep when the IH stimulus is delivered, there is invariably an arousal response that is tightly coupled in time to the nadir in FI O 2 (21) . In contrast, during the dark period, when animals are maintained continuously in room air, the animals experience approximately 5 h of sleep in the absence of any hypoxic exposure (21) . Another significant limitation of rodent models of IH, as alluded to in the Introduction, is that the majority of laboratories have their own unique IH paradigms, making it difficult to compare results between studies. Also, the IH model is now commonly used in mice, and it is possible that mice and rats may have different susceptibilities to specific levels of nadir hypoxia exposure, resulting in disparate outcomes. It is conceivable that the development of a pseudosteady-state period at the nadir FI O 2 may produce much greater falls in arterial oxyhemoglobin saturation than we report in the present study using a transient nadir. The former may be closer to a model of sustained hypopneas, as are common in children with OSA, compared with the transient nadir modeled in the persent study, which is more typical of frank obstructive apneas.
Despite the many limitations of the IH rodent model, there is one overriding strength. Multiple studies have demonstrated that IH can produce pathophysiological outcomes that are known to occur in OSA patients from clinical studies. These include hypertension (6), elevated sympathetic nerve activity (2, 5) , impaired vascular responsiveness (19, 32) and cardiac function (3), insulin resistance (8, 20) , hyperlipidemia (13), liver injury and hepatitis (25, 27) , atherosclerosis (26) , learning and memory deficits (23, 24) , chronic sleep disturbances (33) , and alterations in respiratory control (17) . However, it is important to note that IH exposure does not always lead to pathological changes and may, at least initially, induce a form of compensatory response. For example, 3 wk of exposure to IH in dogs was found to reduce the CO 2 reserve (the difference in the pressure of end-tidal CO 2 between eupnea and the apneic threshold) and, contrary to the authors' hypothesis, act to stabilize breathing and reduce the propensity for apnea (9) . Thus, IH is a powerful stimulus that has a wide range of physiological effects and often induces pathology typical of the sequelae of OSA.
Another advantage of the rodent IH model over more sophisticated models of sleep-induced airway obstruction or sleep-induced hypoxia is the relative technical simplicity of the approach. Large numbers of animals can be exposed to IH simultaneously and for extended periods of time, since no instrumentation is required. It is likely that IH rodent models will continue to provide new insights into the pathophysiological outcomes of OSA and the potential mechanisms that account for these changes.
Summary. Rodent models of IH are commonly used to study pathology related to OSA, but paradigms vary between laboratories, and little is known about the blood gas disturbances produced by the transient episodes of hypoxia. We now show that the fall in Pa O 2 and the associated oxyghemoglobin desaturation that occurs with a linear 30-s reduction in FI O 2 from room air to 6% oxygen produces a nadir Sa O 2 of ϳ85%. The degree of oxyhemoglobin desaturation that our model induces at a rate of 60 events/h is consistent with the magnitude of hypoxic stress that occurs in moderate to severe clinical OSA.
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